Circulating monocytes mediate inflammation in atherosclerosis and may serve as easily accessible reporters of disease. To search for markers of atherosclerosis, we compared the in vivo transcriptomes of monocytes purified from patients undergoing carotid endarterectomy and normal subjects by using the serial analysis of gene expression technique. We selected a subset of differentially expressed monocyte-specific genes and confirmed their expression levels. The Finkel-Biskis-Jinkins osteosarcoma (FOS) gene was significantly increased in patients, and the highest levels of FOS associated with patients who had previously undergone coronary revascularization. The correlation between coronary revascularization and FOS was higher than that compared with the cardiac risk marker high sensitivity C-reactive protein. In vitro inhibition of FOS using small interfering RNA and 3-hydroxy-3-methyl-glutaryl CoA reductase inhibitor simvastatin (statin) affected monocyte activation and suggested an important role in pathogenesis. Given the prominent role of FOS in inflammation and calcification, its association with atherosclerosis severity has clear pathophysiologic bases as well as clinical implications as a marker. Our results suggest that analysis of gene expression in circulating cells may provide biological and clinical insights into human atherosclerosis, and that this type of approach may be applicable for studying other types of diseases.
T he importance of inflammation in atherosclerosis has been well established, and inflammatory markers such as high-sensitivity C-reactive protein (hsCRP) are being used for cardiac risk stratification (1, 2) . With increasing prevalence of atherosclerosis risk factors such as aging, obesity, and the metabolic syndrome, the discovery of new biomarkers and therapeutic targets may assist in the management of this common disease (3) (4) (5) .
Cardiovascular investigators have been limited by a number of factors such as difficulty in obtaining diseased tissue, functional complexity of the system, and lack of in vitro human disease models. We reasoned that the variety of blood cells that circulate throughout the body present an ideal tissue for atherosclerosis studies for four reasons. (i) They are easily accessible and include inflammatory cells such as monocytes that are critical elements in the atherosclerotic process. (ii) Circulating blood cells are in contact with the diseased endovascular lumen and as such may serve as reporters. (iii) The variety of blood cells have defined cell surface markers facilitating their purification to homogeneity for gene expression analysis. (iv) There are immortalized human monocytic cell lines, which retain differentiated phenotypes, and can thus support in vitro studies.
To identify disease markers and genes involved in atherosclerosis, we quantified gene expression in circulating monocytes from a limited set of patients with atherosclerosis and normal subjects by using the serial analysis of gene expression (SAGE) technique (6) (7) (8) . This comparison revealed higher levels of various stress response and inflammatory gene transcripts in the monocytes of patients compared with normal controls, and one in particular, the Finkel-Biskis-Jinkins osteosarcoma (FOS) gene, was strongly expressed in the circulating monocytes of patients. FOS was first identified as an osteosarcoma oncogene, and its importance in inflammation and calcification fits with the known pathogenetic changes in atherosclerosis (9) (10) (11) (12) (13) (14) (15) . In comparison with plasma hsCRP, measurement of FOS transcript levels showed that it was more significantly associated with severe atherosclerosis. Although FOS has recently been localized to smooth muscle cells and macrophages in plaques, its pathophysiologic role and clinical utility in atherosclerosis remain unexplored (16) . We present complementary clinical and basic experimental data showing that FOS is a marker and mediator of atherosclerosis and that similar approaches examining the circulating transcriptome in other conditions may be equally fruitful.
Materials and Methods
Human Subjects. All patients and normal volunteers were recruited after informed consent in accordance with the National Institutes of Health Internal Review Board. The patients were selected from those scheduled to undergo carotid endarterectomy (CEA) for atherosclerotic disease. A significant fraction of the patients also had concomitant coronary heart disease. The normal control subjects were screened to ensure absence of significant atherosclerosis based on history and physical examination, electrocardiogram, echocardiogram, exercise stress testing, and carotid artery ultrasonogram with intima-media thickness (IMT) measurements. The mean IMT measurements of the right and left common carotid arteries for the controls, 0.84 Ϯ 0.12 mm and 0.85 Ϯ 0.18 mm, respectively, were within the low cardiovascular risk category. The exclusions criteria for all subjects were: chronic infections, vasculitis or any other inflammatory disease, neoplastic disease, immunosuppressive therapy, and chemotherapy.
Macrophage Purification. Within 1 h of surgical resection, human carotid artery plaques were processed as described with modifications (18, 19) . The tissue was cubed (0.5 mm) and digested in Hanks' balanced salt solution (HBSS), Hepes (4.8 mg͞ml), containing collagenase type IV (450 units͞ml), DNase I (500 units͞ml), and trypsin inhibitor (1 mg͞ml) (Worthington) for 30 min to 1 h at 37°C. The cell suspension was sequentially filtered through 600-to 40-m nylon filters (Spectrum Laboratories, Houston) and macrophages isolated by using CD14 Microbeads. Cell viability and macrophage purity were similar to that described above for monocytes (Fig. 4B ).
Cells and Tissue Culture. All human monocytic cell lines were obtained from the American Type Culture Collection. The MonoMac6 cell line was a generous gift of H. W. Ziegler-Heitbrock (20) . Untouched primary monocytes were isolated from blood of healthy donors by using a negative selection kit (Miltenyi Biotec) and cultured as described (21) .
SAGE.
We used the LongSAGE protocol that increases the specificity of this sequencing-based gene expression technique (7) . A SpectruMedix 192-capillary automated sequencer (SpectruMedix, State College, PA) was used for sequencing 50,000-100,000 tags per library. SAGE tags were obtained by using the SAGE2000 software (www.sagenet.org), normalized to 100,000 tags per library and identified by using the Unigene͞SAGEmap database (22) . Tags matching a single Unigene cluster were summed and fold-change͞ total tag queries were performed by using Microsoft ACCESS.
Quantitative Real-Time RT-PCR. mRNA from lysates were purified by binding to poly(dT) magnetic beads (Dynal) and reverse transcribed by using SuperScript II (Invitrogen). Primer sequences for all of the various genes are provided in Table 3 , which is published as supporting information on the PNAS web site. Standard quantitative RT-PCR was performed in duplicates at least two to three times by using SYBR Green (Molecular Probes) and TaqMan protocols on the 7900HT (Applied Biosystems) (23) . RT-PCR data were normalized by measuring average cycle threshold (Ct) ratios between candidate genes and two different control genes, eukaryotic translation initiation factor (EIF3S5 or TIF) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The formula 2 Ct(Candidate) ͞2 Ct(Control) was used to calculate normalized ratios. Color-coded normalized fold changes were generated from log-transformed controlnormalized ratios (normalized Ct ratio divided by the average Ct ratio of all control samples) by using CLUSTER 2.2 and TREEVIEW software (http:͞͞rana.lbl.gov͞EisenSoftware.htm) (23) .
Immunohistochemistry and Western Blotting. The following antibodies were used: rabbit polyclonal anti-FOS (Santa Cruz Biotechnology), mouse monoclonal anti-human CD14 (Immunotech, Westbrook, ME), mouse monoclonal anti-GAPDH (Ambion), and negative control mouse IgG (Biocare, Walnut Creek, CA). Serial cryosections (8-10 m) of carotid and coronary plaques were immunostained with Vector blue substrate (Vector Laboratories) and developed by secondary antibody conjugated to alkaline phosphatase (24) . Western blotting was done as described (25) .
Plasma hsCRP Measurements. Plasma hsCRP levels were determined by using an immunoassay per protocol (BioCheck, Foster City, CA). To ensure accuracy, all samples were remeasured and validated by an external laboratory (Quest Diagnostics, Teterboro, NJ). Monocyte Function. Cells were pretreated with 10 M simvastatin and͞or 1 mM mevalonate for 20 h and then stimulated with phorbol 12-myristate 13-acetate (PMA, Sigma). Unattached cells were gently washed twice and pooled. The adherent cells were released with trypsin-EDTA, and viable cells were counted by using Trypan blue. Twenty-four-hour cumulative monocyte chemoattractant protein 1 (MCP-1) release into the medium was determined by immunoassay (R & D Systems).
Statistical Analysis. P values for SAGE tag counts were calculated accounting for sample size differences between libraries as described (26) . Data are expressed as mean Ϯ SE. P values were calculated with the use of a two-tailed Student's t test. The significance of paired t test results between normal subjects and patients was confirmed with the Mann-Whitney test. In light of the number of comparisons performed in this exploratory study, statistical significance was ascribed to P values Ͻ0.01. The receiver operating characteristic plots were generated by obtaining sensitivity and specificity at multiple threshold values for FOS and hsCRP. (ANALYSE-IT Software, Leeds, England).
Results

SAGE.
We used the strategy of creating a limited number of SAGE libraries by using purified monocytes to screen for monocytespecific candidate genes, followed by quantitative RT-PCR using MNCs to more rapidly confirm candidate genes in larger groups of subjects. Briefly, monocytes were purified from the whole MNC fraction by using a CD14 antibody conjugated to magnetic beads, and the remaining fraction was considered the monocyte-depleted MNC (non-monocyte) fraction. We made a total of seven SAGE libraries, five by using CD14 ϩ monocytes and two by using nonmonocyte MNCs. The five monocytes libraries were made as follows: two from patients (P1 and P2) with atherosclerosis undergoing CEA surgery; one from an age-matched control subject (C1) without clinical evidence of atherosclerosis; and two from younger age subjects (A1 and A2) to serve as additional controls and to exclude age-related changes ( Table 1 ). The patients P1 and P2 were selected because both had a history of coronary heart disease. Two non-monocyte libraries were made from subjects P1 and A1 for screening out potential candidate genes also expressed in nonmonocytes.
A total of 460,012 SAGE tags, or an estimated 2-to 3-fold redundant coverage of the transcriptome, from the five monocyte SAGE libraries (P1, P2, C1, A1, A2) were sequenced and matched to 13,154 genes in the Unigene database. Based on known tags expressed on average at least two tags per library, the pairwise correlation coefficients between monocyte libraries were very high, 0.9992 Ϯ 0.0004. As expected of monocytes purified by using the CD14 surface antigen, CD14 transcripts were greatly enriched as were other monocyte markers such as CD163 (Table 2 ; SAGE libraries available at http:͞͞cgap.nci.nih.gov͞SAGE͞). In contrast, the non-monocyte SAGE libraries were enriched in T and B lymphocyte markers such as CD3E and CD79A, respectively ( Table 2) .
Evaluation of Candidate Genes. SAGE tag comparisons were made between the two patients P1 and P2 and the control C1 monocyte SAGE libraries (Table 2) . To raise the stringency and reproducibility of our screen, we considered only tags increased at least 1.5-fold in both P1 and P2 monocyte libraries to obtain a list of 297 candidates (with total tag counts in all libraries Ն25 tags) ( Table 4 , which is published as supporting information on the PNAS web site). To each tag from this preliminary list, the following additional criteria were applied: (i) low tag counts in both control A1 and A2 monocyte libraries to rule out age-related differences; and (ii) low tag counts in non-monocyte libraries for selecting relatively monocyte-specific genes. We also observed 267 genes repressed by 1.5-fold in P1 and P2 monocytes libraries but were not evaluated further in this study (Table 5 , which is published as supporting information on the PNAS web site).
Using the above criteria, we selected six candidate genes [FOS, dual specificity phosphatase 1 (DUSP1), nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor-␣ (NFKBIA), inhibitor of DNA binding 2 (ID2), period homolog 1 (PER1), and sin3-associated polypeptide (SAP30)] all associated with regulatory or transcriptional functions ( Table 2 ). The two most differentially expressed candidates were FOS, a protooncogene involved in proliferation and differentiation, and DUSP1, a stress response phosphatase important for mitogen-activated protein kinase (MAPK) regulation (P Ͻ 0.001, Table 4 ) (14, 27) . A few differentially expressed SAGE tags were without gene assignment, but follow-up revealed that most were polymorphic tags from highly expressed known genes. We did not observe strong differentially expressed candidates in the non-monocyte SAGE libraries P1 and A1 containing mixed populations of cells.
To minimize sample processing and purification requirements, we examined the feasibility of using the whole MNC fraction for measuring monocyte-specific gene expression. This concept seemed possible because the monocyte content of patient and control MNC samples was similar, 20 Ϯ 9% and 22 Ϯ 9%, respectively. The fold change ratios of FOS and DUSP1 mRNA levels (patients versus controls) in the MNC and monocyte fractions were identical, indicating that we could use MNCs to accurately and rapidly detect monocyte-specific gene expression (Fig. 5 , which is published as supporting information on the PNAS web site). Additionally, it confirmed that the monocyte purification step had not altered their expression levels.
Quantitative RT-PCR of Subject Samples. To confirm our SAGE data, a total of 25 patients scheduled for CEA and 19 age-matched normal control subjects were selected (Table 1) . Although the patient and control subjects were closely matched by age, notable Individual profiles of the subjects used for SAGE library construction and group profiles of normal subjects (Controls) and CEA patients with atherosclerosis (Patients) used for quantitative RT-PCR. Subjects with atherosclerosis: P1, patient 1; P2, patient 2. Subjects without clinically significant atherosclerosis: C1, age-matched control 1; A1, younger age control 1; A2, younger age control 2. CHD, coronary heart disease. Hematopoietic markers and monocyte candidate gene tag counts are tabulated under the various SAGE libraries, along with their associated sequences and gene identification numbers. A total of seven SAGE libraries are shown, five CD14 ϩ monocyte (Monocyte) and two monocyte-depleted (Non-monocyte) libraries. The tag counts shown are normalized to 100,000 tags per library. Parentheses represent patient-to-control C1 tag ratio. P1, patient 1; P2, patient 2; C1, age-matched control 1; A1, younger age control 1; A2, younger age control 2.
differences could be seen due to the inherent risk factors associated with atherosclerosis such as male gender, family history, and prior history of coronary artery disease. Treatment for hypertension and hyperlipidemia were more prevalent among the patients compared with controls, 92% vs. 32% and 80% vs. 37%, respectively, but the measured blood pressure and low-density lipoprotein (LDL) cholesterol levels were comparable at the time of the study.
The relative expression levels of the six candidate genes were color-coded and ordered by their average values (AVG) in the control and patient groups (Fig. 1A) . The high levels of FOS and DUSP1 in patients confirmed SAGE data and largely determined the patient ordering. The mean FOS and DUSP1 RT-PCR fold increases in patients over controls were 8.3 Ϯ 2.2 (P ϭ 0.003) and 3.6 Ϯ 0.9 (P ϭ 0.009), respectively (Fig. 1B) . The statistical significance of the fold difference in FOS expression levels was reconfirmed by using the two-tailed Mann-Whitney test (P Ͻ 0.0001). In subsequent studies, FOS also gave the most consistent difference between patients and controls, leading us to focus on this gene.
Clinical Significance of Increased FOS Level. Because plasma hsCRP has been shown to be a clinically useful indicator of inflammation and predictor of future cardiovascular events, we tested whether FOS might be similarly diagnostic. In comparison with FOS, hsCRP was not as significantly elevated in patients versus control subjects, 1.9 Ϯ 0.2-fold (P ϭ 0.22), and the correlation between hsCRP and FOS levels was low (correlation coefficient Ͻ0.6) (Fig. 1B) . We measured another inflammatory plasma marker IL-6, but it too did not show as marked a difference as FOS (data not shown).
We next wondered whether there were any patient characteristics that could account for the variations in FOS levels. We examined all available information such as CEA surgical outcome (3 months to Ͼ1 year follow-up), cardiac risk factors, and associated medical conditions and medications, as well as quantitative measures such as body mass index (BMI) and 10-year Framingham cardiac risk ( Table 1) . The large number of variables in a limited patient population did not allow us to do a controlled multivariate analysis. Surprisingly, although all patients had peripheral vascular disease, we observed that history of coronary revascularization (coronary artery bypass graft surgery or angioplasty) seemed to associate with higher FOS level (Fig. 1C) . Empirically taking the highest control subject's FOS level as the threshold for a positive test, eight of the nine coronary revascularization patients were detected (89% sensitivity). Combining the average (AVG) RT-PCR values of the top six candidates did not improve the sensitivity. The receiver operating characteristic (ROC) at identifying coronary revascularization history among all patients in the study revealed higher sensitivities and specificities for FOS compared with hsCRP (Fig. 1D) .
Expression of FOS in Plaques.
We reasoned that candidate genes involved in pathogenesis should be expressed and up-regulated in atherosclerotic plaque macrophages. As a first step, we performed immunohistochemistry on serial sections of CEA plaques and observed specific colocalization of FOS to CD14 ϩ cells ( Fig. 2A) . We also examined atherosclerotic plaques in coronary arteries and observed strong colocalization of FOS and CD14 immunoreactivity (Cor-CD14, Cor-FOS, Fig. 2 A) . Notably, the normal appearing segment of the coronary artery without CD14 ϩ macrophage infiltration (arrowhead) did not stain for FOS. To ascertain FOS expression in macrophages, we first purified CD14 ϩ cells from a number of carotid plaques and verified macrophage markers (Fig.  4B) . Using RT-PCR, we observed progressive enrichment of the candidate genes (particularly FOS) in MNCs, monocytes (Mono), and plaque macrophages (Mac), respectively (Fig. 2B) .
To further establish the biological significance of these candidate genes, we examined their expression in several different monocytic cell lines in response to PMA, commonly used for activating monocytes into macrophage-like cells (28) . As early as 3 h after PMA treatment, there was induction of some candidates. DUSP1 was repressed in two of the cell lines, but FOS was uniformly induced in all, validating it as our best indicator of monocyte activation (Fig. 2C) .
Modulation of FOS Affects Monocyte Function.
When the human monocyte leukemia THP1 cells are activated by PMA, a prominent phenotype is attachment of the suspension cells to a number of different substrata including fibronectin, polylysine, and uncoated plastic (data not shown). Because statins have been shown to have potent antiatherogenic properties, we examined its effect on FOS expression, cell adhesion, and release of MCP-1, important for atherosclerotic plaque formation (5, 29) . Pretreatment with statin inhibited PMA induction of FOS protein in parallel with monocyte adhesion and MCP-1 release (Fig. 3A) . These effects were reversed by the addition of mevalonate, the product of statin-inhibited 3-hydroxy-3-methyl-glutaryl (HMG)-CoA reductase, demonstrating pharmacologic specificity.
We also examined the genetic inhibition of FOS transcripts using siRNA molecules. FOS-specific siRNA transfection partially inhibited the induction of FOS protein and cell adhesion 4 h after PMA treatment (Fig. 3B) . In contrast, mock transfection or siRNA directed toward nonspecific sequences (NS) had no inhibitory effects on FOS protein level and adhesion. We also tried some other inflammatory stimuli such as IL-6 and LPS. LPS increased THP1 adhesion with an associated increase in FOS protein level, whereas IL-6 alone or in combination with LPS had negligible effect (data not shown). The transformed nature of the THP1 cells may explain their lack of response to IL-6; thus, we investigated whether our observations were applicable to primary human monocytes isolated from normal donors. In contrast to THP-1 cells, which require a stimulus to adhere, primary monocytes spontaneously attached within 4 h of plating in association with strong FOS protein induction (Fig. 3C) (21) . The partial inhibition of FOS protein using siRNA specifically inhibited adhesion as observed in THP1 cells.
Discussion
Our findings of highly expressed regulatory genes in the monocytes of patients with atherosclerosis demonstrate the utility of focusing on the in vivo transcriptome of readily available cells. The previously described involvement of some of our candidate genes in various stress response pathways is consistent with an activated state of monocytes in atherosclerosis. FOS stands out as the most differentially expressed marker, followed by another stress response gene DUSP1. Although not much is known about DUSP-1 in atherosclerosis, it has recently been linked to aortic lesion formation in mouse models, validating our unbiased screen of the circulating transcriptome (30) . Also, increasing interest in genes such as JUN kinase 1 (JNK1) for treating diabetes, the strongest risk factor for coronary artery disease, points to the importance of FOS-associated pathways in artherosclerosis (31) . It should be noted that the SAGE transcriptomes of cultured human monocytes have been reported, but their correlation to our data was low (data not shown), indicating that the context and techniques used in gene expression studies are critical determinants (32) .
In comparison with control subjects, FOS transcript levels are increased Ͼ8-fold in patients requiring CEA and are more sensitive and specific to disease severity versus the plasma hsCRP test. The only coronary revascularization patient missed by FOS levels was 1 of 3 patients on maximum statin doses, all of whom also had low FOS levels. Of the 25 patients enrolled in our study, 1 patient had an ischemic event on follow up. Nine months after the CEA surgery, the patient (P9) with the highest FOS level, who was not on statin treatment, had subsequent thrombosis of a femoral artery bypass graft requiring emergent revascularization. Finally, it is noteworthy that control subjects on statin treatment clustered together with lower levels of FOS whereas this pattern is difficult to evaluate in the patient group because of its widespread use (Fig. 1C) . It is tempting to speculate that, without statin treatment, the difference in FOS levels between patients and controls may have been more marked. Our data showing relatively acute functional inhibition of monocyte activation by statin treatment correlate well with clinical observations such as the benefits of preoperative or early high dose statin treatment in acute coronary syndromes (33, 34) . The rapid expression of FOS in primary human monocytes as they activate and adhere and the specific inhibition of this property by FOS siRNA demonstrate its importance in nontransformed cells as well.
Although our observations have potential clinical utility, a number of issues need to be addressed in the future. We have simplified the RT-PCR test using whole mononuclear cell fractions, which permits studies such as the one presented. However if a more simple, sensitive, and specific FOS assay can be developed, larger prospective clinical trials could be performed to determine the clinical utility of FOS levels. FOS is a reactive transcriptional regulator, and this functional property may make it useful as a monitor of disease activity or treatment efficacy (10) . However, like hsCRP, FOS may be elevated in other inflammatory conditions such as rheumatoid arthritis and will need to be tested in the appropriate patient populations (35, 36) .
From a public health perspective, better tests are needed to identify patients with subclinical atherosclerosis or with disease in multiple vascular territories for risk stratification and treatment (4) . FOS expression may be the molecular equivalent of coronary artery calcium scores currently used for coronary artery disease screening (37) . Targeted patient management based, in part, on sensitive molecular tests may become reality with more genetic insights into atherosclerosis. The quantitative and digital nature of our human monocyte SAGE database will make it easily accessible online to all and serve as a foundation for future studies examining the circulating human transcriptome.
